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CHAPTER 5 THE ROLE OF DIFFUSION AND REACTION
IN REACTIVE COMPOUNDING.
Abstract.
During reactive compounding diffusion plays an important role. Monomer and initiator are
absorbed in the dispersed phase of a blend while no monomer is present in the major phase.
Monomer and initiator diffuse out of the dispersed phase and simultaneously reaction of the
monomer and initiator takes place. The kinetics of the reaction is diffusion limited. Diffusion
coefficients have been measured with FRAP (Fluorescence Redistribution After Pattern Photo
bleaching). The size, weight, and shape of the diffusing material and the number average
molecular weight of PS were varied. A computer modelling of diffusion and simultaneously
reaction of monomer in a sphere has been developed. With this model we investigate whether
most of the monomer reacts inside or outside the dispersed phase. It is calculated that this
depends strongly on the size of the dispersed phase. The monomer concentration inside a
sphere with a diameter of 5 mm decreases mainly because of the reaction. In these calculations
the reaction velocity of pure styrene has been chosen. However, if the dispersed phase consists
of spheres with diameters smaller than 5 mm, the monomer concentration inside the sphere
decreases mainly because of diffusion of monomer out of the dispersed phase.
1 Introduction.
Chapter 2, 3, 4, 6, and 7 describe mixing of polymers in an extruder. However, we also need
to describe diffusion and reaction which takes place in the dispersed phase of the blend to
describe reactive compounding in the extruder. Therefore, in this chapter the measured
diffusion coefficients and reaction velocities are discussed. These parameters are needed in the
modelling which is explained in chapter 1. Section 2 describes the diffusion coefficients and in
section 3 the reaction velocities are given. In section 4 the concentration profile of the
monomer and the number average molecular weight distribution of polymer formed by the
reaction have been modelled. In chapter 8 the computer code which models reactive
compounding will be described which is used in chapter 9, and 10 as a tool to improve the
mechanical properties of PS/HDPE or PS/PP blends.
Diffusion.
FRAP means Fluorescence Redistribution After Pattern Photo bleaching and was used to
measure the diffusion coefficient. The experiments were set up in the same way as described
by B.A Smith (1). Use is made of fluorescent dyes, which can be irreversibly photochemically
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bleached by intense light. A mask is placed on a hot polymer melt in a Mettler Hot Stage
holder. This is placed under a microscope (with a 32/0.40 objective) in front of a beam with a
wavelength of 488 nm. The light is produced by a Spectra-Physics Beamlok A-12 argon ion
laser.
Initially, the fluorescent dye is uniformly distributed throughout the sample. An intense burst
of light destroys the dye molecules in selected regions, which are not covered by the mask.
After the intensity of the light has been lowered the small fluorescent molecules diffuse from
the shaded into the open areas between the mask. Due to this diffusion the fluorescent signal
increases. From the slope of this line the diffusion coefficient can be calculated.
It is obvious that FRAP suffers from the disadvantage that only the diffusion coefficients of
some specific fluorescent molecules can be measured. However the diffusion coefficient is not
very sensitive to the detailed structure of the small molecule but depends primarily on its size
and shape (1). Since the fluorescent dye can be detected in very low concentrations, its
presence does not disturb the structure of the polymer matrix. Therefore, it is assumed that the
diffusion coefficient of the dye at this low concentration is not a function of its concentration.
Since the polymer molecules are much larger than the dye they are virtually immobile on the
time scale in which the dye diffuses. Therefore, the measured value is a dye-solvent mutual
diffusion coefficient within the polymer matrix, which functions as a model system for
diffusion of the initiator. In chapter 1 our system has been described which contains a
monomer which reacts and diffuses in the dispersed phase of a blend. The diffusion coefficient
of the monomer has been fitted from the literature. The monomer, when heated, also reacts
which also is studied. Unfortunately the conventional theories for the kinetics of addition
polymerisation in the bulk are only valid for homogeneous low viscous liquids and can not be
applied for our system where monomer and initiator is dissolved in polymer (3, 5).
Kinetics.
Reaction velocities of monomer were investigated with Differential Scanning Calorimetry
(DSC) on a mettler DSC TA4000 Thermal Analysis System connected with a TC11TA
processor and analysed. A similar system was described by Batch et al. (4).
Modelling.
The differential equations describing diffusion of monomer out of the dispersed phase and
simultaneous reaction are already given in chapter 1. Diffusion coefficients in the range of
  10 -15 m2/s, as measured in section 3.1, and reaction velocities, as measured in section 3.2,
will be used in the modelling. With these values the differential equations have been solved
with the method of Baker and Oliphant [6]. From the calculations the concentration profiles of
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monomer and initiator are found inside and outside the dispersed phase of a blend. The
number average molecular weight distribution of the graft-copolymer formed has been
modelled with equations, which were derived for the conventional route of addition
















































In our calculations it is assumed that only termination by disproportionation takes place. The
well-known equations of Flory are given in equation 1a and equation 1b. The viscous
surrounding imposes strong limitations on the mobility of the growing chain as well as on the
monomers (7). If a large concentration of radicals is present in the melt the radicals on a
polymer chain can also react with other polymer chains in the neighbourhood.
2 Experimental set up.
The diffusion coefficients of monomers such as styrene or butylmethacrylate and of initiators
such as Trigonox 145 in polystyrene are needed. Fluorescent molecules such as
7 (diethylamino)-4-nitrobenz-2-oxa-1,3-diazola (NBD) or N-methyl-4-(pyrrolidininyl)-
styrylpyridinium iodide (M 1329) are used as model materials, figure1.
The number average molecular weight of 7 (diethylamino)-4-nitrobenz-2-oxa-1,3-diazola
(NBD) is 240 g/mole, and the number average molecular weight of N-methyl-4-
(pyrrolidininyl)-styrylpyridinium iodide (M 1329) is 394 g/mole. The polystyrene, PS, used
was STYROL 2000, STYROL 7000, and a third type of PS (produced by us) with a number
average molecular weight (Mn) of 90000. The structure of the fluorescent molecules is shown
in figure 1.
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The pattern of light on the sample is shown in figure 2a. Note that, in reality, this is not a
perfect square wave due to fundamental diffraction limitations. This leads to a reduction in the
amplitude of the higher frequency terms.
An assembly of beam splitters, attenuators, and shutters was used to provide the high-power
bleach and low power observation beams, figure 2b. A photon counting system was operated
in the chopped mode (automatic background subtraction) to measure fluorescence intensity.
figure 2b. Block diagram of the experimental set-up for FRAP
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3 Results.
3.1.1 The diffusion coefficient.
As described in section 1 the light from the laser initially has a very large intensity and destroys
the fluorescent molecules in the melt between the mask forming alternating bands of high and
low dye concentration. After this first step the beam is set to a lower energy, which no longer
destroys the molecules in the melt. The light falling on the molecules creates a fluorescence
signal. A filter, for a wavelength 520 nm and up, has been used to detect this fluorescence
signal. The laser light when absorbed by NBD or M1329 causes a fluorescence signal when
these molecules diffuse into the non-covered area. In figure 3 this signal coming from NBD
absorbed in PS increases due to diffusion.
figure 3. Graph of fluorescence intensity vs. time for photo bleached sample, NBD in PS.
By fitting the curve in figure 3 to equation 2 the diffusion coefficient of the molecules in
figure 2 have been calculated. The intensity of the fluorescence signal can be fitted, from the
conventional diffusion theory, to the, for FRAP well known equation (1) :
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where t is the time constant, which can be fitted with equation 1 from figure 3. The width of
the part of the mask which is not covered (a in equation 2) is well known from the geometry
of the mask (which is shown as a in figure 2b). Fitting equation 2 to measurements, such as
shown in figure 3 may cause large deviations depending on the procedure of fitting. Therefore
figure 3 has been fitted to equation 2 with a standard procedure that assures that the relative
values of the diffusion coefficients are good (1).
3.1.2 Variation of the temperature.
The temperature is expected to have a large influence on the diffusion coefficient of the
fluorescent molecule (NBD and M1329) in a polymer melt. All measurements have been done
with a temperature above Tg (PS: Tg : 96 °C) since below Tg hardly any diffusion takes place
and therefore no increase in the fluorescent signal will be measured.
T (°C) D (m2/s), *10-15 D (m2/s), *10-15







table 1. The diffusion coefficients of NBD in PS, number average molecular weight
(Mn =: 40000).
The diffusion coefficients of NBD in PS have been measured for three types of PS with a
different number average molecular weight (Mn). From table 1 it can  concluded that the
diffusion coefficient of NBD in a melt of PS (Mn : 40000 g/moll) depends on temperature
with an Arrhenius type of equation. A c mparable increase of the diffusion coefficient of NBD
is found in PS with a larger number average molecular weight, Mn = 100000 with increasing
temperature, table 2a. The resulting diffusion coefficients of two samples (A and B) have been
shown in table 2a and for each a measurements and its duplo are given. It can be seen that the
reproducibility is reasonable.
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table 2a  Diffusion coefficients of NBD in PS (Mn : 100000).
The diffusion coefficients of NBD in PS with Mn 100000 (table 2a) are comparable with the
diffusion coefficients of NBD in PS with Mn = 40000 (table 1).
In table 2b the averaged diffusion coefficients of NBD in a melt of PS with Mn = 100.000 and
in a melt of PS with Mn = 140000 are equal within experimental accuracy. Only for the lower
molecular weight PS (Mn = 40.000) the diffusion coefficients were larger. The amount of free
volume may have been larger for the lower molecular weight PS. According to free volume
theory diffusion takes place because the smaller molecules jump into voids. This offers a
possible explanation why the diffusion coefficients of the probes were the same in the PS with
Mn = 100.000 and 140.000. For this it is assumed that the numbers and sizes of the "free
volume" voids for the PS with a Mn l rger than a critical value are not influenced by the Mn of
PS.
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T (°C) D (m2/s), *10-15 D (m2/s), *10-15 D (m2/s), *10-15























table 2b  Average values of the diffusion coefficients of NBD in three types of PS.
The values of table 2b have been plotted in figure 4a. The diffusion coefficients of NBD can be
compared with the diffusion coefficient of M 1329, which is a larger molecule. At 180 °C the
diffusion coefficient of the smaller molecule is four times the diffusion coefficient of M 1329
(table 3). Therefore, for modelling purposes, the most important observation when comparing
table 3 with table 2a is that the diffusion coefficient of M1329 is smaller than the diffusion
coefficient of NBD.
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figure 4 The diffusion coefficients of NBD in three types of PS as a function of the
temperature.
From the measurements diffusion coefficients for the PS with the large Mn (100.000 and
140.000) have been fitted to an Arrhenius equation, figure 4. The activation energy and pre
exponential factor of the diffusion coefficient of NBD in PS are respectively 1000 (J/mole K)
and 1.4*10-13 (m2/s).





table 3. The diffusion coefficients of M1329 in PS , Mn = 100000.
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3.1.3 Diffusion coefficients of binary diffusion in a polymer.
When two small molecules diffuse in a melt of PS they share a limited amount of free volume
for diffusion. Therefore their two component diffusion coefficient will have a mutual
interaction. The response curve to FRAP is shown in figure 5 of a sample in which both NBD
and M1329 is dissolved in PS. The molecules, which diffuse the fastest (that is NBD), will
cause an increase of the intensity of the fluorescent light in the first period of the
measurement. After this period no further increase of the signal from NBD is expected.
However the recovery curve still increases due to the diffusion of M1329 since a difference in
concentration for M1329 is still present. By fitting figure 5 with equation 3 it is possible to
determine the diffusion coefficients of both molecules for the case when both are diffusing
simultaneously in PS (binary diffusion). In a simple approach the recovery curve is found :
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table 4a. The two component diffusion coefficients of NBD in PS , Mn = 100000.




table 4b. The two component diffusion coefficients of M1329 in PS , Mn = 100000.
In table 4a the two component diffusion coefficients of NBD are much larger than those found
for M1329 in table 4b.
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figure 5. Graph of fluorescent intensity versus time for a two component diffusion.





table 5  Ratio of the diffusion coefficients of M1329 and NBD in PS, Mn : 100000.
In figure 5 the response curve for a system in which two probes diffuse simultaneously is
shown. In table 4b the two component diffusion coefficient of M1329, as calculated by fitting
equation 3 to figure 5, is shown. This probe is a model material for the initiator Trigonox 145.
The ratio between the one and two component diffusion coefficient is calculated with the one
component diffusion coefficients calculated in the previous paragraph. In the right hand
column of table 5 the ratio between the diffusion coefficient of NBD and M1329 has been
calculated for single component diffusion.
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figure 6a The values for the diffusion coefficients of M1329 for binary (that is the two
component diffusion coefficient) and unary (one component) diffusion.
Comparing the two component diffusion coefficients with those of the one component
diffusion coefficients it is clear that the diffusion coefficient of M 1329 has decreased,
figure 6a.
The ratio between the diffusion coefficients of NBD and M1329 in the first column of table 5
is much larger than in the second column.
If we compare figure 6a with figure 6b it is remarkable that only a negligible difference is
found between one and two component diffusion for NBD. An explanation can be found from
the free volume theory, which is often used, for diffusion in polymer (7). The one and two
component diffusion for NBD is the same while it differs for M1329 because of the fact that
the molecular volume of M1329 is larger than that of NBD.
The role of diffusion and reaction in reactive compounding, chapter 5
105
figure 6b One and two component diffusion of NBD.
It is well known that the diffusion coefficients of a certain material can be enlarged if a
stripping agent is added to a polymer (the stripping agent usually is a small molecule). This
enhancement of diffusion has been explained by an increase of free volume in the polymer. The
molecules investigated here are much larger than Oxygen, Nitrogen etc. of which the diffusion
coefficients has been described in the book of Crank (2). NBD and M1329 have no
resemblance in their chemical structure to PS. Their concentration is very low and it is
assumed that in this case the free volume in PS in which NBD and M1329 has been absorbed
remains the same as the original free volume in PS. Let’s assume that diffusion of the smaller
molecules is independent of diffusion of the larger molecules. Diffusion takes place because
molecules jump into the free volume voids. The diffusion coefficient of two-component
diffusion of NBD remains the same because NBD jumps into the voids before M1329. Since
part of the free volume in PS is occupied by NBD the two-component diffusion coefficient of
M1329 is smaller than the one-component diffusion coefficients in table 3.
3.2.1 Kinetics.
The reaction heat of Butylmethacrylate, BMA, absorbed in HDPE is measured after a sample
is heated in a seal cup in a DSC. The reaction is initiated by radicals due to decomposition of
Trigonox 145 (AKZO-NOBEL). The temperatures increase 10 °C per minute. From the heat
of reaction the conversion has been calculated, figure 7.
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Figure 7 The conversion of BMA measured with DSC (scanning).
The final conversion is only 65 % in figure 7 because of diffusion limitations when part of the
monomer is captured between the polymer chains.
3.2.2 Measurements of the reaction velocities.
From the slope of conversion curves such as shown in figure 7 the reaction velocities of the
polymerisation have been calculated. An example of the calculation of the reaction velocity of
BMA is shown in figure 8. The conversion of BMA to PBMA or PE-g-PBMA extends to 50
% within a few minutes (when the temperatures exceed  160oC).
The reaction velocity, vp, decreases after 140 s as shown in figure 8. Simultaneously the
monomer and initiator concentration decreases and the propagation reaction velocity decrease
to zero. The overall reaction velocity, kov, decreases at a temperature of 180 °C (figure 9).
This is due to the experimental method used in which monomer probably evaporates from the
polymer if heated above 170 °C. Hamielec (3) already noted that the reaction velocities for
addition polymerisation in a viscous surrounding differs from the reaction velocities in low
viscous fluid. Probably this is also found here since the reaction velocity decreases before 30
% conversion is achieved due to diffusion limitations.
Unfortunately, because of a lack of experimental accuracy, it was not possible to find a good
description of the reaction velocities which take place in a flowing viscous melt. More
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extensive kinetic research was outside the scope of this thesis. For use in our computer
modelling fitted equations were derived from the measurements.
figure 8  The reaction velocity of BMA dissolved in HDPE versus time, [M]= 6.5 moll/m3.
figure 9 kov of BMA dissolved in HDPE versus time.
4 Modelling the concentration profiles and Mn distribution of the alloying agent.
In the modelling the position where the initiator decomposes is assumed to be the position
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This is justified if the reaction of the radicals is much faster than the diffusion of the radicals.
The Damköhler number for the dispersed phase and the matrix phase was found to be larger
than one for the conditions chosen in our calculations.
The diffusion coefficient of the initiator has been found by measuring diffusion coefficients of
molecules with a comparable molecular structure. The diffusion coefficient of styrene in PS or
HDPE is estimated to be 10-12 [m2/s] from the literature (2).
In chapter 1 the concentration profile of one component was found to depend mostly on the
size of the dispersed phase. In this chapter the concentration profile of two components will be
calculated. The initiator T145 and monomer (S) is absorbed in the dispersed phase at the start
of the modelling. The concentration profile of monomer and initiator has been found by
solving the differential equations in equation 5 containing diffusion and a first order reaction






































































































Mass transfer out of the dispersed phase takes place after heating. The value of k is
determined by both the concentration of radicals (a) and monomer (b). ratio of the
concentration of initiator and monomer at the interface is found by Henry's law.











b¢ = ¢ =;  (6)
These partial differential equations are solved with the method of Baker and Oliphant [6]. The
boundary conditions are :
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t 0 s :
Ca 0 mole /  m 0<r <a Ca=0   a<r <






210      (7)
The flux at the centre of the dispersed phase is zero and therefore the concentration profile has
a symmetrical shape. The decomposition kinetics of the initiator (Trigonox 145, AKZO-
NOBEL) is given by:






    (8)
For the model calculations a monomer concentration of 2100 [mole/m3] and an initiator
concentration of 0.69 [mole/m3] was chosen.
figure 10 Monomer concentration profiles versus distance from the centre of the
dispersed phase, radius : 0.05 mm, Cm=2100 [mole/m3], CI = 0.69 [mole/m3], t = 300 s.
Figure 10 gives the monomer concentration after 300 seconds. A large initiator concentration
is present in the dispersed phase. The initiator concentration determines the reaction velocity
of the monomer, which dominates the diffusion inside the dispersed phase. Therefore the
concentration profile inside the dispersed phase is constant. The shape of the monomer
concentration profile outside the dispersed phase can be understood from a relatively large
initiator concentration outside the dispersed phase close to the interface of the dispersed
phase. This initiator causes a rapid decrease of the monomer concentration outside close to
the interface. The concentration of the initiator further away from the interface is very small
and therefore the concentration profile is determined by diffusion.
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figure 11  The molecular number distribution inside the dispersed phase and at the interface
(the numerical accuracy is checked by doing two calculations with 10 (1) and 30  numerical
steps (2)), radius : 0.005 m, Cm=89.6 [mole/m3], CI = 0.069 [mole/m3], t = 300 s.
figure 12 The development of the molecular number distribution in time, d = 0.005 m..
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From the profile of the monomer (figure 10) and initiator concentration (not shown) we can
calculate the molecular number distribution with the equations of Flory (equation 1a and 1b)
as shown in figure 11, 12, 13, and 14.
A concentration gradient for the monomer and for the initiator is present on the interface
which determines the molecular number distribution shown in figure 11. The number average
molecular weight distributions are larger at the interface than inside (at 95% from the middle
of) the dispersed phase because of the smaller initiator concentration (at the interface the M/I
is larger). The M/I ratio increases in time due to decomposition of the initiator. Therefore
polymer formed by the reaction starts with a large concentration of polymers with a relatively
short chain in figure 12. Longer chains are formed if the initiator concentration has decreased.
Also after some time part of these chains recombine forming a smaller concentration of much
longer chains. Therefore the number of small chains decrease while the number of larger
chains increase. The Mn distribution shifts in time because the concentration of monomer
decreases relatively fast.
figure 13 The molecular number distribution at the interface, for two
different sizes of the dispersed phase.
The concentration of long chains formed in a dispersed phase of 50 mm i  larger than the
amount of long chains in a dispersed phase of 5 millimetre in figure 13. Therefore the average
Mn of the chains formed in the smaller dispersed phase is largest. This is found in spite of the
fact that in the intermediate region of polymer chain lengths the concentration of chains
formed is largest in the dispersed phase of 5 millimetre. The explanation for this is that the
long chains have a much larger weight factor.
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In figure 14 we show that the resulting copolymer from a reaction shifts to a higher number
average molecular weight if the initiator concentration is a factor ten lower.
figure 14 The molecular number distribution, [I]=0.00064 (high),
[I] = 0.000064 (low).
5 Discussion and conclusions.
Diffusion of a small fluorescent molecule (a solvent or monomer analogue) in a polymer-
monomer system can be observed over any distances accessible to optical systems using visible
light. The diffusion coefficients in a melt of PS have been measured. At increasing temperature
the diffusion coefficients increase as could be expected.
At higher molecular numbers of the PS hardly any influence of the number average molecular
weight of PS on the diffusion coefficients has been found. This indicates that the free volumes
available for the diffusion of small molecules is not dependent on the Mn of he matrix, in this
case polystyrene. However for a larger type of diffusing molecule it is more difficult to jump
into free volumes present in a polymer melt at temperatures exceeding Tg. Ther fore the
diffusion coefficient is strongly dependent on the size of the diffusing small molecules.
Binary diffusion differs from single component diffusion. In our measurements the diffusion
coefficient of the larger molecule drops in value while the diffusion coefficient of the smaller
molecule remains roughly the same.
The diffusion coefficient in PS of large molecules, comparable in size with MAH and
Trigonox 145, have very small values ( ]/[10 215 sm- ) compared to values for the diffusion of
S in PE as found in the book of Crank (2) (D = ]/[10 212 sm- ).
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The reaction of monomers, such as S, BA, BMA, HPMA, and HEMA reach their final
conversion (which usually is smaller than 50 %) within 5 minutes at a temperature of 160 oC.
It is not yet known in what way the formation of a graft-copolymer is influenced by the fact
that the polymerisation occurs in a (viscous) melt of another polymer. Because of a lack of
experimental accuracy it was not possible to obtain data on kt. (instead we assume that
kt = 0.1*kp). The results of the calculations in our modelling are therefore not yet accurate
enough. For a sufficiently accurate modelling the kinetics of graft-polymerisation reactions in a
flowing melt must be studied in great detail.
The Mn of the alloying agent formed due to reactive compounding increases in our system if
the M/I ratio increases or if the reaction time increases.
From our calculations we found that the number of time steps in our calculations must be
larger than 100 to obtain a result which is independent of the number of time steps. This is
valid if the process time exceeds 60 seconds and the size of the dispersed phase is smaller than
10×10-5 m.
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Nomenclature.
a Radius of the sphere [m].
Ca  Concentration in the minor phase [mol/m3].
Cb Concentration in the major phase [mol/m3].
D Diffusion coefficient [m2/s].
I (au)  Intensity of measured light (arbitrary units).
k Reaction constant [m3/mol.s].
Mn Average molecular number [g/mol].
Mncr Critical average molecular number [g/mol].
Me Average molecular weight between entanglements [g/mol].
m Partition coefficient [-].
[M]  Monomer concentration [mol/m3].
r Radial coordinate [m].
R Gas constant [J/mol.s].
t Time [s].
tr Half value time of the reaction [s].
T Absolute temperature [K].
kov Overall reaction rate constant [mol/m3.s].
wi Weight of formed graft-copolymer with polymerisation i [g/mole].
d Penetration depth [m].
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